Operant conditioning protocols can modify the activity of specific spinal cord pathways and can thereby affect behaviors that use these pathways. To explore the therapeutic application of these protocols, we studied the impact of down-conditioning the soleus H-reflex in people with impaired locomotion caused by chronic incomplete spinal cord injury. After a baseline period in which soleus H-reflex size was measured and locomotion was assessed, subjects completed either 30 H-reflex down-conditioning sessions (DC subjects) or 30 sessions in which the H-reflex was simply measured [unconditioned (UC) subjects], and locomotion was reassessed. Over the 30 sessions, the soleus H-reflex decreased in two-thirds of the DC subjects (a success rate similar to that in normal subjects) and remained smaller several months later. In these subjects, locomotion became faster and more symmetrical, and the modulation of EMG activity across the step cycle increased bilaterally. Furthermore, beginning about halfway through the conditioning sessions, all of these subjects commented spontaneously that they were walking faster and farther in their daily lives, and several noted less clonus, easier stepping, and/or other improvements. The H-reflex did not decrease in the other DC subjects or in any of the UC subjects; and their locomotion did not improve. These results suggest that reflex-conditioning protocols can enhance recovery of function after incomplete spinal cord injuries and possibly in other disorders as well. Because they are able to target specific spinal pathways, these protocols could be designed to address each individual's particular deficits, and might thereby complement other rehabilitation methods.
Introduction
The primary goal of neurological rehabilitation is to restore important motor and cognitive skills that have been impaired by injury or disease. Current therapeutic methods consist primarily of the repeated practice of these skills (e.g., treadmill locomotion, reach and grasp actions) (Wernig and Müller, 1992; Edgerton et al., , 2001 Edgerton et al., , 2008 Harkema et al., 1997; Taub et al., 1999; Wernig et al., 2000; Maegele et al., 2002; Taub and Uswatte, 2003; Wolf et al., 2006) , with the expectation that this practice will lead to plasticity that improves function (Koski et al., 2004; Thickbroom et al., 2004; Thomas and Gorassini, 2005; Yen et al., 2008) . Although this strategy is logical and often beneficial, it is seldom completely successful. Novel strategies that can complement current methods and thereby enhance skill restoration are needed.
The skills that rehabilitation attempts to restore normally depend on plasticity throughout the CNS, from the cortex to the spinal cord (Drew et al., 2002; Nielsen, 2002; Hultborn and Nielsen, 2007; Rossignol and Frigon, 2011) . Moreover, the location and nature of the damage that impairs performance differ widely from individual to individual, as well as from disorder to disorder. As a result, the plastic changes needed to restore a particular skill (e.g., locomotion) are also likely to differ widely across individuals. Thus, new therapeutic methods that can induce plasticity in particular CNS pathways, and can thereby target each individual's particular deficits, might significantly increase the effectiveness of rehabilitation.
In both animals and humans, operant conditioning protocols can modify specific spinal reflex pathways (Wolpaw et al., 1983; Wolpaw and O'Keefe, 1984; Wolpaw, 1987; Chen and Wolpaw, 1995; Wolf and Segal, 1996; Carp et al., 2006b; Chen et al., 2006a; Thompson et al., 2009) . Because these spinal pathways participate in important skills such as locomotion, conditioning protocols might be used to reduce the functional deficits produced by spinal cord injuries, strokes, and other disorders. An initial animal study supports this hypothesis. In rats in which a lateralized spinal cord injury (SCI) had produced a gait asymmetry, appropriate conditioning of the soleus H-reflex on the injured side eliminated the asymmetry and restored more normal locomotion .
The present study is, to our knowledge, the first effort to use spinal reflex conditioning to improve function in people with SCI. It focuses on people in whom a chronic incomplete SCI has produced a spastic gait disorder characterized by hyperreflexia and abnormal reflex modulation in ankle extensor muscles (Dietz and Sinkjaer, 2007; Nielsen et al., 2007) . By downconditioning the soleus H-reflex, the study sought to reduce these abnormalities, and to thereby improve the speed and symmetry of locomotion. The results are clear and encouraging. They suggest that operant conditioning protocols could provide a valuable new approach to restoring useful function after spinal cord injuries or in other neuromuscular disorders.
Materials and Methods
Subjects. The study participants were 13 ambulatory subjects (9 men and 4 women; age range, 28 -68 years; mean Ϯ SD age, 48.4 Ϯ 13.9 years) ( Table 1 ) who had suffered an SCI 8 months to 50 years earlier that had impaired locomotion. All subjects gave informed consent for the study, which was reviewed and approved by the Institutional Review Board of Helen Hayes Hospital. A physiatrist (F.R.P.) determined each prospective subject's eligibility for the study. The inclusion criteria were as follows: (1) a stable SCI-related motor deficit (Ͼ6 months after lesion); (2) ability to ambulate at least 10 m either with or without an assistive device (e.g., cane, crutches, or walker); (3) signs of spasticity (i.e., exaggerated H-reflexes, increased muscle tone, score Ն1 on Modified Ashworth scale) and weak ankle dorsiflexion (i.e., manual dorsiflexor muscle strength at ankle Ͻ5) unilaterally or bilaterally; (4) a reasonable expectation that current medications would not change over the period of the study (e.g., an anti-spasticity medication such as baclofen, diazepam, or dantrolene); and (5) medical clearance to participate. The exclusion criteria were as follows: (1) a lower motoneuron injury; (2) a known cardiac condition; (3) another medically unstable condition; (4) cognitive impairment; and/or (5) daily use of functional electrical stimulation to counteract foot drop. In the subjects who exhibited bilateral motor impairments, the soleus H-reflex of the more impaired leg was studied.
The subjects were randomly assigned (at a 2:1 ratio) to the downconditioning (DC) group (6 men and 3 women; age range, 30 -68 years; mean Ϯ SD age, 48.2 Ϯ 14.0 years; subjects 1-9 in Table 1 ) or the unconditioned (UC) group (3 men and 1 woman; age range, 28 -67 years; mean Ϯ SD age, 48.8 Ϯ 15.7 years; subjects 10 -13 in Table 1 ). The primary purpose of the UC group was to establish that H-reflex decrease was specific to the down-conditioning protocol.
Operant conditioning of the soleus H-reflex: overview. The operant conditioning protocol for the human soleus H-reflex was originally developed in a study of neurologically normal subjects and is described in detail in Thompson et al. (2009) . It is summarized here, with several minor modifications noted. Figure 1 summarizes the protocol. After one to three preliminary sessions in which appropriate background EMG and M-wave criteria were defined, each subject completed 6 baseline sessions and 30 control (UC subjects) or conditioning (DC subjects) sessions at a rate of 3 sessions per week. Each session lasted ϳ1 h and occurred within the same 2 h time window (to prevent the normal diurnal variation in reflex size from affecting the results (Wolpaw and Seegal, 1982; Chen and Wolpaw, 1994; Carp et al., 2006a; Lagerquist et al., 2006) . As Figure 1B shows, in the 6 baseline sessions of all subjects, and in the 30 control and 2 follow-up sessions of the UC subjects, 225 control H-reflexes (in three 75-trial blocks) were elicited during standing. In these 225 control trials, there was no feedback to the subject regarding H-reflex size. In contrast, in the 30 conditioning and 2 follow-up sessions of the DC subjects, 20 control H-reflexes were elicited, and then 225 conditioned H-reflexes (in three 75-trial blocks) were elicited. In these 225 conditioning trials, the subject was asked to decrease the H-reflex and was given immediate visual feedback after each stimulus (see below) to indicate whether the resulting H-reflex was smaller than a criterion value. Background EMG and M-wave size were kept stable throughout data collection.
Electrical stimulation and EMG recording. At the beginning of each session, EMG recording and stimulating electrodes were placed over the leg. EMG activity from soleus and its antagonist tibialis anterior (TA) was recorded with surface self-adhesive Ag-AgCl electrodes (2.2 ϫ 3.5 cm, Vermed), amplified, bandpass filtered (10 -1000 Hz), digitized (5000 Hz), and stored. To elicit the H-reflex, the tibial nerve was stimulated in the popliteal fossa, using surface Ag-AgCl electrodes (2.2 ϫ 2.2 cm for the cathode and 2.2 ϫ 3.5 cm for the anode; Vermed) and a Grass S88 stimulator (with a CCU1 constant current unit and an SIU5 stimulus isolation unit; Astro-Med). The stimulating electrode pair was placed so as to minimize the H-reflex threshold and to avoid stimulating other nerves. This placement was accomplished by monitoring the EMG of soleus and TA and palpating other lower-leg muscles, such as the peroneal muscle group. To avoid session-to-session variability in electrode placement, their positions were mapped in relation to landmarks on the skin (e.g., scars or moles). The same individuals (A.K.T. assisted by Briana M. Abel) placed the electrodes and conducted every session for every subject.
The soleus H-reflex was elicited by a 1 ms square-pulse stimulus while the subject maintained a natural standing posture with hands resting on a horizontal bar at waist height and with stable levels of soleus and TA background EMG activity. The stimulus occurred after the subject had maintained rectified soleus and TA EMG activity within specified ranges for at least 2 s. Typically, the soleus range was 10 -20% of a maximum voluntary contraction, and the TA range was 0 -7 V (i.e., resting level). The minimum interstimulus interval was 5 s.
Session protocol. At the beginning of each session, an H-reflex/M-wave (H-M) recruitment curve was obtained. All H-reflex and M-wave measurements were reported in absolute values (i.e., equivalent to rectified EMG). Stimulus intensity was varied in increments of 1.25-2.50 mA from below soleus H-reflex threshold, to the maximum H-reflex (H max ), to an intensity just above that needed to elicit the maximum M-wave (M max ) (Kido et al., 2004b; Makihara et al., 2012) . Approximately 10 different intensities were used to obtain each recruitment curve. At each intensity, four EMG responses were averaged to measure the H-reflex and M-wave. The stimulus amplitude used for the subsequent H-reflex trials fell on the rising phase of the H-reflex recruitment curve and typically produced an M-wave just above threshold. In each subject, this M-wave size was maintained for the H-reflex trials of all the sessions.
In the baseline and control sessions (Fig. 1B) , the H-M recruitment curve was followed by three 75-trial blocks of control trials, in which the subject was not asked to change the H-reflex and was not given visual feedback as to H-reflex size (see Visual feedback). In the conditioning sessions (Fig. 1B) , the H-M recruitment curve was followed by a 20-trial block of control trials identical to those of the baseline or control sessions; and this block was followed by three 75-trial blocks of conditioning trials, in which the subject was asked to decrease H-reflex size and was provided with immediate visual feedback that indicated his or her success in doing so (see below).
Visual feedback. The visual feedback screens for control and conditioning trials have been described in detail previously (Thompson et al., 2009) and are illustrated in Figure 1C . Briefly, the screen could present two graphs, one for soleus background EMG activity and one for H-reflex size. In control trials, only the background EMG graph was shown: if the subject kept the height of the vertical bar (i.e., soleus background EMG activity level, in absolute value) in the specified range for 2 s, and at least 5 s had passed since the last stimulus, a stimulus pulse elicited the H-reflex and M-wave. In conditioning trials, the background EMG graph was shown, and, in addition, the H-reflex size graph was shown. This graph constantly showed a heavy horizontal line indicating the subject's average H-reflex size for the six baseline sessions and a shaded area that indicated the H-reflex size range that satisfied the current down-conditioning criterion value. Two hundred milliseconds after the stimulus, a vertical bar reflecting H-reflex size appeared. The bar was green (indicating success) when the H-reflex fell within the shaded area (i.e., was below the criterion value), and the bar was red (indicating failure) when the H-reflex size was not below the criterion value. In addition, the current success rate (i.e., the percentage of the trials of the current 75-trial block that were successful) was shown below the graph and was updated after each trial. Thus, for each control trial, the visual feedback simply helped the subject maintain the required prestimulus background EMG activity. In contrast, for each conditioning trial, the visual feedback also informed subjects as to whether they had succeeded in producing an H-reflex small enough to satisfy the size criterion, and it showed the success rate for the current block of trials. In each conditioning session, the criterion value for the first block of 75 conditioning trials was based on the immediately preceding block of 20 control trials, and the criterion values for the second and third blocks of conditioning trials were based on the H-reflexes of the immediately preceding block of 75 conditioning trials. The criterion was selected so that if H-reflex values for the new block were similar to those for the previous block, 50 -60% of the trials would be successful (Chen and Wolpaw, 1995) . For each block, the subject earned a modest extra monetary reward when the success rate exceeded 50% (for full details, see Thompson et al., 2009) .
Analysis of conditioned and control H-reflexes.
For each session of each subject, we determined the average H-reflex size for the 225 trials of the three 75-trial blocks (Fig. 1B) . This value is called the conditioned H-reflex size (regardless of whether the session is from a DC subject or a UC subject). In addition, for each session of each subject we determined the average H-reflex size for 20 control trials. This value is called the control H-reflex size. For the 6 baseline sessions of all subjects and the 30 control sessions of the UC subjects, these 20 control trials were the first 20 Figure 1 . A, Session schedule. Six baseline sessions were followed by 30 conditioning (DC subjects) or control (UC subjects) sessions, and then by two follow-up sessions. B, Composition of baseline, control, conditioning, and follow-up sessions. C, Visual feedback screens for control and conditioning trials (see text for full description).
trials of the first 75-trial block. For the 30 conditioning sessions and the follow-up sessions of the DC subjects, these 20 control trials were elicited before the three 75-trial blocks of conditioning trials, as indicated in Figure 1B . H-reflex size was defined as the average absolute value of soleus EMG (i.e., equivalent to rectified EMG) in the H-reflex interval (typically 30 -45 ms after the stimulus) minus the average absolute value of soleus background EMG.
To determine for each subject whether the conditioned H-reflex size changed significantly over the 30 conditioning or control sessions, the average H-reflexes for the 225 trials of the three 75-trial blocks of the final six sessions (i.e., sessions 25-30) were compared with the average H-reflexes for the 225 trials of the three 75-trial blocks of the six baseline sessions by unpaired t test (two tailed). To determine for each subject the final conditioned H-reflex size, the average H-reflexes for the 225 trials of the three 75-trial blocks of the final three sessions (i.e., sessions 28 -30) were averaged, and the result was expressed as the percentage of the average H-reflex for the 225 trials of the three 75-trial blocks of the six baseline sessions. (Thus, a value of 100% indicated no change.) To determine for each subject the final control H-reflex size, the average H-reflexes for the 20 control trials of sessions 28 -30 were averaged, and the result was expressed as the percentage of the average H-reflex for the 20 control trials of the six baseline sessions.
To assess the stability of soleus M max , soleus M-wave size in control and conditioning trials, and soleus and TA background EMG levels, a repeated-measures ANOVA was applied to the mean values across successive six-session blocks beginning with the six baseline sessions. Soleus M max , soleus M-wave size during H-reflex elicitation, and soleus and TA background EMG levels remained stable across all the sessions in both the DC and UC groups ( p Ͼ 0.33 for all of these measures in both groups, one-way repeated-measures ANOVA). These results confirmed the stability of EMG recording and nerve stimulation conditions in this study, and thus supported the validity of the methodology.
Assessment of locomotion. Locomotion was assessed before and after the 30 conditioning or control sessions. These assessments occurred on non-session days. First, the subject was asked to walk 10 m overground at a comfortable speed three times, and the average walking time was determined.
Then, locomotor symmetry, EMG activity, and H-reflex modulation were measured. For these measurements during locomotion, any subject who wore an ankle foot orthosis was asked to remove it. Surface EMG was recorded from the soleus, TA, vastus lateralis (VL), and biceps femoris (BF) muscles of both legs. Footswitch cells inserted between the subject's shoe and foot detected foot contact (typically, heel or toe contact). For locomotor H-reflex measurement, single 1 ms square-pulse stimuli were delivered at different points in the step cycle to evaluate phase-dependent H-reflex modulation (Capaday and Stein, 1986; Stein and Capaday, 1988; Ethier et al., 2003; Kido et al., 2004b) . The stimulus interval was set to be long enough to have at least one full unstimulated step cycle between successive stimuli.
Those subjects who were able to walk on a treadmill for several minutes with a consistent stepping rhythm did so twice at a comfortable speed: once without H-reflex elicitation and once while tibial nerve stimulation elicited the soleus H-reflex. Subjects who were not able to walk on the treadmill repeated 10 m overground walking without stimulation until at least 50 steps were obtained. They then repeated 10 m overground walking with H-reflex elicitation until at least 50 stimulated steps were obtained. During these measurements, the subjects took sitting breaks as often as needed. The data were assessed as described below, and the locomotor measurements obtained before and after the 30 conditioning or control sessions were compared.
For analysis of locomotor EMG activity, the complete step cycle was divided into 12 bins of equal duration (Kido et al., 2004a; Makihara et al., 2012) . For the muscles of the conditioned leg, the step cycle went from the conditioned leg's foot contact (cFC) to the next cFC; for the muscles of the contralateral (i.e., nonconditioned) leg, the step cycle went from the nonconditioned leg's foot contact (nFC) to the next nFC. For each muscle of each subject, the average rectified EMG amplitude in each of the 12 bins was determined and expressed as a percentage of the amplitude in the bin with the highest amplitude. The degree to which each muscle's activity was modulated during locomotion was determined by calculating its modulation index (MI) in percent as: 100 ϫ [(highest bin amplitude Ϫ lowest bin amplitude)/highest bin amplitude] (Zehr and Kido, 2001; Zehr and Loadman, 2012) . Thus, an MI of 0% indicated that a muscle did not modulate its activity at all over the step cycle.
To assess gait quality, we examined step-cycle symmetry (i.e., the ratio of the time between the nFC and the cFC to the time between cFC and nFC). A ratio of 1 indicates a symmetrical gait.
Spontaneous subject comments. Over the 3 months of the study, the subjects were not asked about the current state of their motor function or whether their disabilities had changed in any way. Nevertheless, many volunteered comments when they came in for sessions. We kept a record of these spontaneous comments and when they were first made. They fall into distinct categories and tell a clear story both in their nature and in their timing. Thus, they are presented as a unique and important component of the results.
Results
All 13 subjects completed the 6 baseline sessions and 30 conditioning or control sessions. In each subject, soleus M max , soleus M-wave size in control and conditioning trials, and soleus and TA background EMG levels remained stable across all the sessions. The DC and UC groups did not differ significantly in soleus and TA background EMG levels ( p ϭ 0.90 and 0.81 by two-way repeated-measures ANOVA, respectively), M-wave sizes ( p ϭ 0.71), or baseline H-reflex sizes ( p ϭ 0.11).
The results comprise three categories of data: conditioned and control H-reflex sizes over the course of the sessions; locomotor speed, symmetry, EMG activity, and H-reflex modulation before and after the 30 conditioning or control sessions; and the spontaneous comments of the subjects over the course of the sessions. These three datasets are described here. Figure 2A shows the final conditioned H-reflex sizes of the DC subjects, the UC subjects, and, for comparison, the normal DC subjects of Thompson et al. (2009) . The filled triangles represent the DC subjects in whom down-conditioning was successful (i.e., the average conditioned H-reflexes for conditioning sessions 25-30 were significantly less than those for the 6 baseline sessions). In the other DC subjects (open triangles), the H-reflex did not change significantly. The success rate for the subjects with SCI (i.e., 6/9 or 67%) is slightly, but not significantly, less than that for neurologically normal subjects (i.e., 8/9 or 89%) (Thompson et al., 2009) or for normal monkeys, rats, and mice (i.e., 75-80%) (Wolpaw et al., 1983; Wolpaw, 1987; Chen and Wolpaw, 1995; Carp et al., 2006b) . In contrast, the conditioned H-reflex did not decrease significantly in any of the UC subjects; and the DC and UC groups differed significantly in final H-reflex size ( p ϭ 0.025 by unpaired t test). Thus, H-reflex decrease was specific to the DC group. Indeed, it should be noted that the UC group as a whole showed a slight but significant increase in the conditioned H-reflex [to (mean Ϯ SE) 116 Ϯ 7% of baseline; p ϭ 0.05 by paired t test]. This may have been a nonspecific effect of continued exposure over 30 sessions to the baseline protocol of standing, providing soleus background EMG, and having the H-reflex elicited.
H-reflex size
As noted in our previous study of H-reflex conditioning in normal subjects (Thompson et al., 2009) , successful DC subjects reported that, in the first four to five conditioning sessions, they tried different strategies for decreasing the H-reflex, identified an effective strategy, and then used it in subsequent conditioning trials. Their reported techniques were comparable to those of normal subjects (Table 2 in Thompson et al., 2009 ) (e.g., meditation, anticipating stimulus occurrence). Figure 2 , B and C, shows H-reflexes from a successful DC subject during the baseline period (solid) and at the end of the 30 conditioning sessions (dashed). Figure 2B illustrates the change in the conditioned H-reflex (i.e., the H-reflex for the three 75-trial blocks in which the subject was asked to decrease the H-reflex and was provided with immediate feedback as to whether the reflex satisfied the size criterion). Figure 2C illustrates the change in the control H-reflex (i.e., the H-reflex for the first 20 trials of each conditioning session in which the subject was not asked to decrease the H-reflex and was not provided with feedback as to reflex size). Both the conditioned and control H-reflexes are smaller after down-conditioning. Background soleus EMG level and M-wave size do not change. Figure 3 shows the average courses of H-reflex changes for subjects with SCI ( Fig. 3A-C , from this study) and for normal subjects (Fig. 3D-F , from Thompson et al., 2009 ) in whom down-conditioning was successful. Figure 3 , A and D, shows the conditioned H-reflex change. Figure 3 , B and E, shows the control H-reflex change. Finally, Figure 3 , C and F, shows the change in the within-session difference between the conditioned and control H-reflexes. This difference represents task-dependent adaptation; that is, the decrease that the subjects were able to produce immediately when they were asked to decrease the H-reflex.
These courses of change are noteworthy in several respects. First, the final average value of the conditioned H-reflex (i.e., the average of the last three conditioning sessions) in the subjects with SCI is identical to that in normal subjects [i.e., (mean Ϯ SE) 69 Ϯ 11% and 69 Ϯ 6% of baseline, respectively]. Second, the final value of the control H-reflex in the subjects with SCI is significantly smaller than in normal subjects (i.e., 76 Ϯ 9% of baseline vs 84 Ϯ 6%, respectively; p ϭ 0.01, two-tailed t test). Thus, the subjects with SCI decreased the control H-reflex more than normal subjects. Third, like normal subjects, the subjects with SCI display an appropriate task-dependent adaptation (i.e., a session's average conditioned H-reflex is smaller than its average control H-reflex) that begins after four conditioning sessions and remains about the same thenceforth. However, this task-dependent adaptation is significantly less in the subjects with SCI than in normal subjects (i.e., averages of Ϫ7 Ϯ 3% and Ϫ15 Ϯ 6%, respectively; p ϭ 0.01, two-tailed t test). The greater decrease in the control H-reflex in the subjects with SCI combines with their lesser taskdependent adaptation to yield a decrease in the conditioned H-reflex that is identical to that found in normal subjects.
Four of the successful DC subjects completed follow-up sessions 1 month and 3 months after the conditioning sessions ended. At both 1 month and 3 months, the conditioned H-reflex remained reduced in every subject, averaging (mean Ϯ SE) 65 Ϯ 10% and 58 Ϯ 10% of baseline values, respectively. One DC subject also completed a 6 month follow-up session. The conditioned H-reflex was 26% of baseline, comparable to the value of 18% for the final three conditioning sessions.
In the successful DC subjects, the H max measured at the beginning of each session also decreased with down-conditioning, paralleling the changes in the control H-reflex [final value (mean Ϯ SE), 84 Ϯ 5% of baseline; p Ͻ 0.001, paired t test]. This decrease paralleled the decrease in the control H-reflex and was consistent with the effects of H-reflex conditioning on the H-reflex recruitment curve . In contrast, H max did not change significantly in the seven subjects in whom the H-reflex did not decrease.
Locomotor speed, symmetry, EMG activity, and Hreflex modulation
Walking speed Over the 30 conditioning or control sessions, the subjects' 10 m walking speeds increased by 0 -123%. The increase was substantial and significant in the six DC subjects in whom the H-reflex decreased [(mean Ϯ SE) ϩ59 Ϯ 19%; p ϭ 0.03, paired t test]. Furthermore, the two subjects who increased their walking speeds most also decreased their dependence on an assistive device in their daily lives: one switched from a walker to crutches, and the other switched from a walker to a cane. In contrast, in the seven subjects in whom the H-reflex did not decrease, walking speed increased less and not significantly (ϩ25 Ϯ 13%; p ϭ 0.10). In none of these subjects did dependence on an assistive device change. Figure 4A summarizes these results.
Locomotor symmetry
To assess gait quality, we examined step-cycle symmetry (i.e., the ratio of the time between the nFC and the cFC to the time between cFC and nFC). A ratio of 1 indicates a symmetrical gait. During the baseline period, the ratio was always Ͼ1 because foot drop and/or spasticity prolonged the swing phase of the conditioned leg (which was the more impaired leg) and/or because spasticity and the resulting instability in the conditioned leg shortened its stance (i.e., weight-bearing) phase. After the 30 conditioning or control sessions, this ratio decreased in every subject in whom the H-reflex decreased, becoming closer to 1 ( p ϭ 0.05, paired t test). In contrast, the ratio increased in every subject in whom the H-reflex did not decrease ( p ϭ 0.02). Figure 4B summarizes these results. Thus, the successful DC subjects walked faster and more symmetrically; while the subjects in whom the H-reflex did not decrease walked slightly but not significantly faster and walked less symmetrically. Figure 4C shows the nFC-cFC and cF-C-nFC time intervals in one DC subject before and after successful conditioning. Before conditioning, the nFC-cFC time intervalwaslongerthanthecFC-nFCinterval. After conditioning, the two intervals were equal, indicating that locomotion had become more symmetrical.
Locomotor EMG activity
To further assess changes in walking, locomotor EMG activity was recorded from the soleus, TA, VL, and BF muscles of both legs before and after the 30 conditioning or control sessions, and each muscle's MI was determined as described in the Materials and Methods.
MI values varied widely across subjects and across the eight muscles of each subject, with many abnormally low values (i.e., Ͼ2 SDs below the average for 12 normal subjects; unpublished data). In the DC subjects in whom the H-reflex decreased, the average MI rose significantly [from (mean Ϯ SD) 74 Ϯ17% to 80 Ϯ 11%; p ϭ 0.005, paired t test]. This improvement was bilateral; it was not limited to the muscles of the conditioned leg. Thus, successful H-reflex down-conditioning was associated with a significant increase in the degree to which ankle and knee flexor and extensor muscles of both legs modulated their activity in synchrony with the step cycle. In the seven subjects in whom the H-reflex did not decrease, the average MI did not change (84 Ϯ 8% before and 84 Ϯ 10% after; p ϭ 0.25). [Although the average initial MI was higher in this group, it was still below normal (i.e., 89%; unpublished data]. Thus, this lack of increase cannot be attributed simply to a ceiling effect.) Figure 5 shows modulation over the step cycle in the muscles of both legs for one DC subject before and after successful down-conditioning. After conditioning, soleus activity is increased and TA activity is decreased during midto-late stance in both legs. These bilateral improvements in the modulation of muscle activity controlling movement about the ankle joint probably resulted in more effective weight bearing and push off, and thereby contributed to this subject's increased walking speed (from 0.59 to 0.80 m/s). Locomotor EMG modulation also increased in other muscles.
H-reflex modulation during locomotion
In addition to recording EMG activity during undisturbed locomotion, we also elicited soleus H-reflexes during locomotion. As described above for locomotor EMG analysis, the step cycle was divided into 12 bins of equal duration, and average H-reflex size for each bin was determined. The average of these 12 values defined the average locomotor H-reflex.
In the successful DC subjects, the average locomotor H-reflex also decreased [to (mean Ϯ SE) 59 Ϯ 17% of baseline value; p ϭ (2009)). In the subjects with SCI, the conditioned H-reflex decreases to 69% of the baseline value over 30 conditioning sessions (A). This decrease consists of a relatively small task-dependent adaptation (Ϫ7%, C) and a relatively large across-session control reflex decrease (Ϫ24%, B) . In the subjects without disability (Thompson et al., 2009) , the conditioned H-reflex also decreases to 69% of the baseline value over 24 conditioning sessions (D). This decrease consists of a relatively large task-dependent adaptation (Ϫ15%, F ) and a relatively small across-session control reflex decrease (Ϫ16%, E). The asterisks between B and E and between C and F indicate significant differences ( p Ͻ 0.01) between subjects with SCI and normal subjects in final control H-reflex value and in task-dependent adaptation, respectively. Task-dependent adaptation is greater in the normal subjects, while change in the control H-reflex is greater in the subjects with SCI.
0.04 by paired t test]. Thus, in humans as in rats , an H-reflex decrease produced by the conditioning protocol was also evident during locomotion. The decreased average locomotor H-reflex reflected the combination of an overall decrease throughout the step cycle and a decrease concentrated in the swing phase, the period when the locomotor H-reflex is small in normal subjects. In contrast, in the subjects in whom the H-reflex did not decrease, the average locomotor H-reflex showed an insignificant increase (to 125 Ϯ 17% of baseline value; p ϭ 0.15). Figure 6 illustrates the decrease in the locomotor H-reflex of one successful DC subject. It is markedly reduced throughout the step cycle. In addition, its modulation across the step cycle has become more normal: the reflex is smallest during the swing phase. Locomotor soleus EMG has also become more normal, with much less inappropriate activity during the swing phase.
Spontaneous subject comments
Although subjects were not questioned about the current state of their disabilities during the study, many volunteered spontaneous comments. The 13 subjects made a total of 30 positive comments of 10 different kinds and no negative comments. Figure 7 lists these 10 different kinds of positive comments and indicates when during the study they were first made by the DC subjects in whom the H-reflex decreased significantly and by the subjects in whom the H-reflex did not decrease. The contrast is striking: 25 of the 30 positive comments were made by the six DC subjects in whom down-conditioning was successful, and only 5 positive comments by the other seven subjects ( p ϭ 0.0027, Mann-Whitney U test). All six successful DC subjects reported walking faster and farther, and one to three of them made each of the other eight positive comments. Furthermore, and most importantly, these comments did not occur until the decrease in the conditioned H-reflex was substantial and the decrease in the control reflex had begun (i.e., the 12th conditioning session and later; Fig. 3) .
These spontaneous comments are consistent with the quantitative data showing that successful H-reflex downconditioning was associated with faster walking, more symmetrical walking, better locomotor EMG modulation, and decreased locomotor H-reflexes. By showing that these objective effects were apparent to the subjects in their daily lives, the comments indicate that successful H-reflex conditioning had a substantial practical impact.
Discussion
This study asked two questions. First, can people with chronic SCI and impaired locomotion decrease the soleus H-reflex in response to an operant conditioning protocol? Second, if so, is H-reflex decrease associated with improved locomotion? The results answer these questions clearly. First, people with incomplete SCI and impaired locomotion decreased the H-reflex in response to an operant down-conditioning protocol (DC subjects). Their success rate and magnitude of reflex change were comparable to those of people who were neurologically normal. H-reflex decrease was specific to the down-conditioning protocol; it did not occur in subjects in whom the H-reflex was simply elicited without feedback (UC subjects).
Second, H-reflex decrease was associated with faster and more symmetrical locomotion. The improvement was evident both in quantitative testing and, most important, to the subjects themselves in their daily lives. It did not occur in people in whom the H-reflex did not decrease, whether they were UC subjects or unsuccessful DC subjects. Indeed, locomotion became less symmetrical in every subject in whom the H-reflex did not decrease. (This greater asymmetry, combined with their slight increase in walking speed, suggests that these subjects expected to be walking faster after the 30 sessions, and thus walked slightly faster by taking more asymmetrical steps.)
These results indicate that reflex-conditioning protocols might help to restore motor function after SCI or in other disorders. They also provide insight into the factors shaping the plasticity associated with H-reflex conditioning and into its potential therapeutic applications.
H-reflex conditioning in people with or without spinal cord injury
The subjects with SCI were not significantly different from neurologically normal subjects (Thompson et al., 2009) in the probability of successful down-conditioning, and they were identical in the average magnitude of their H-reflex decrease (i.e., 31%). This finding is consistent with results for soleus H-reflex condi- Step-cycle symmetry before (open bars) and after (shaded bars) 30 conditioning or control sessions for subjects in whom the H-reflex did or did not decrease significantly. Symmetry is measured as the ratio of the time between the nFC and the cFC (or simply stimulated, in the case of UC subjects) to the time between cFC and nFC. A ratio of 1 indicates a symmetrical gait. Initially, the ratio is Ͼ1. After the 30 conditioning or control sessions, the ratio has decreased toward 1 in the subjects in whom the H-reflex decreased, while it has increased in the subjects in whom the H-reflex did not decrease. C, Successive step cycles before and after conditioning from a subject in whom the H-reflex decreased. Each nFC (F) and cFC (E) are shown. The short vertical dashed lines mark the midpoints between nFCs (i.e., the midpoints of the step cycle), which is when cFC should occur. Before H-reflex down-conditioning, cFC occurs too late; after successful down-conditioning, it occurs on time.
tioning in spinal cord-injured rats ) and biceps spinal stretch reflex conditioning in people with SCI (Segal and Wolf, 1994) .
The subjects with SCI did differ significantly from normal subjects in the composition of their final H-reflex change. Conditioned H-reflex change is composed of task-dependent adaptation (i.e., within-session difference between the control H-reflex and the conditioned H-reflex) plus long-term change (i.e., across-session change in the control H-reflex) (Thompson et al., 2009 ). The former is thought to reflect immediate change in cortical influence (e.g., on presynaptic inhibition), while the latter reflects spinal cord plasticity. Task-dependent adaptation was significantly less in subjects with SCI than in neurologically normal subjects (Ϫ7% vs Ϫ15%), while long-term change was significantly more (Ϫ24% vs Ϫ16%). The lesser task-dependent adaptation in subjects with SCI may reflect damage to the corticospinal tract (CST), the spinal cord pathway principally responsible for H-reflex conditioning , and may account for the slightly slower course of H-reflex decrease (i.e., over 30 sessions vs 24 in normal subjects) (Thompson et al., 2009) .
The greater long-term change in subjects with SCI is more surprising. It may result from the fact that task-dependent adaptation affects the H-reflex pathway only during the conditioning protocol, while long-term change affects it continuously, and thus has much wider effects. Because the spinal cord serves many behaviors, spinal cord plasticity affects many behaviors. In neurologically normal subjects, the spinal cord plasticity responsible for the long-term change in the H-reflex is likely to disturb behaviors such as locomotion, which are already satisfactory; and it may thereby lead to additional plasticity that compensates for the change in the H-reflex pathway. Animal data support this inference. In normal rats, up-or down-conditioning of the soleus H-reflex increases or decreases, respectively, the soleus locomotor burst, but does not disturb the symmetry of the step cycle, suggesting that plasticity elsewhere preserves this symmetry . Indeed, in normal rats a conditioned change in the soleus H-reflex is usually accompanied by an opposite change in the quadriceps H-reflex, and also by changes in ankle and hip joint angles during locomotion (Chen et al., 2011) . The angle changes are reciprocal and help to ensure that hip height during stance does not change. It appears that in normal rats, and presumably in normal humans as well, compensatory plasticity prevents the plasticity responsible for the modified H-reflex from disrupting normal locomotion.
Furthermore, in normal subjects, the processes that preserve other behaviors may reduce the long-term plasticity that decreases the H-reflex. hypothesizes that spinal neurons and pathways are maintained in a state of "negotiated equilibrium," a balance that ensures the satisfactory performance of all the behaviors in the individual's current repertoire (Nielsen et al., 1993; Ozmerdivenli et al., 2002; Zehr, 2006) . In normal subjects, the spinal cord plasticity underlying Figure 5 . Rectified locomotor EMG activity in soleus, TA, VL, and BF muscles of both legs before (solid line) and after (dashed line) conditioning in a DC subject with SCI in whom the soleus H-reflex decreased. The step cycle is divided into 12 equal bins, starting from foot contact. Thus, bins 1-7 are for the stance phase and bins 8 -12 are for the swing phase. After successful down-conditioning, EMG modulation over the step cycle is greater in both legs. Figure 6 . Rectified soleus EMG and locomotor H-reflex size over the step cycle before and after H-reflex down-conditioning in a DC subject with SCI in whom the H-reflex decreased. The reduced spasticity after conditioning produces better soleus EMG modulation: the abnormal activity during the swing phase (arrows) is no longer present. In addition, the locomotor H-reflex is greatly decreased and better modulated after conditioning (i.e., it is lowest during the swing phase).
the new behavior (i.e., a smaller H-reflex) requires the creation of a new equilibrium that produces a smaller H-reflex and still continues to serve other behaviors satisfactorily. This new negotiation produces concurrent adaptive changes in the networks supporting the multiple behaviors that use the pathway. For behaviors such as locomotion, which are already satisfactory, these adaptations are likely to impede the long-term plasticity that decreases the H-reflex. The result is that, in normal subjects, much of the final change in the conditioned H-reflex is due to taskdependent adaptation, which does not disturb other behaviors.
In contrast, for subjects with SCI, the spinal cord plasticity responsible for the long-term H-reflex decrease improves locomotion, an important motor skill. Similarly, in rats in which a spinal cord injury has produced an asymmetrical step cycle, appropriate conditioning of the soleus H-reflex restores step-cycle symmetry . In these SCI rats, as in the subjects of this study, the long-term change in the H-reflex is doubly adaptive: it increases reward probability in the conditioning protocol, and it also improves locomotion. It creates a new spinal cord equilibrium superior to the one that prevailed before H-reflex conditioning. In sum, it is probable that long-term H-reflex change is greater in subjects with SCI than in normal subjects because it serves more than the new behavior, it also benefits locomotion.
Potential therapeutic applications of reflexconditioning protocols
This study sought to down-condition the soleus H-reflex on the rationale that reducing the activity of this pathway would reduce the hyperreflexia that impaired locomotion in these subjects with incomplete SCI (Dietz and Sinkjaer, 2007; Nielsen et al., 2007) . Successful down-conditioning did improve locomotion. Walking became faster and more symmetrical. Furthermore, the locomotor behaviors of knee and ankle extensor and flexor muscles in both legs became more strongly modulated in synchrony with the step cycle, which presumably contributed to the improvement in walking speed and symmetry.
These encouraging results are surprising in their breadth. It is unlikely that the plasticity underlying a smaller soleus H-reflex in one leg could itself have such broad beneficial effects on walking, including increasing the locomotor EMG modulation of contralateral muscles. This broad impact, combined with the animal data discussed above, implies that in these subjects with SCI, H-reflex conditioning triggered additional plasticity in other pathways important in locomotion, and thereby changed the entire behavior. These subjects had been injured 0.7-10 years earlier, and their locomotor deficits were stable. In this setting, the acquisition of a new behavior, a down-conditioned soleus H-reflex, disturbed the postinjury equilibrium that the injured spinal cord had reached. It apparently triggered widespread adaptive plasticity that produced a new equilibrium that both decreased the H-reflex and improved locomotion.
Because they can target particular spinal pathways and can either weaken or strengthen the activity of these pathways, reflexconditioning protocols can be designed to focus on each individual's particular deficits. The present study down-conditioned the soleus H-reflex because locomotion was impaired by hyperreflexia. In contrast, the study by Chen et al. (2006b) in spinal cord-injured rats up-conditioned the soleus H-reflex because locomotion was impaired by weak right stance. In both cases, the intervention was effective. This flexibility and specificity are distinctive and desirable features of this new therapeutic approach; and they distinguish it from less focused interventions such as botulinum toxin or baclofen, which simply weaken muscles or reflexes and may have undesirable side effects (Dario and Tomei, 2004; Dario et al., 2004; Sheean, 2006; Ward, 2008; Thomas and Simpson, 2012) .
Reflex-conditioning protocols might supplement therapies that involve repetition of complex behaviors [e.g., body-weight supported treadmill training (Edgerton et al., 2008) and constraint-induced movement therapy (Taub and Uswatte, 2003; Wolf et al., 2006) ]. Indeed, H-reflex conditioning might be combined with treadmill locomotion so that subjects are rewarded for changing the reflex in a specific phase of locomotion. This combination might help restore normal reflex modulation across the step cycle (Stein and Capaday, 1988) . The results of the present study also encourage therapeutic exploration of other reflex-conditioning protocols. For example, in rats, reciprocal inhibition of soleus by common peroneal nerve stimulation can be increased or decreased by operant conditioning (Chen et al., 2006a) .
Certainly, the dependence of reflex conditioning on the CST will Figure 7 . Spontaneous comments made by subjects over the course of data collection. "X" indicates when a subject made the comment for the first time. Note that every subject in whom the H-reflex decreased reported walking faster and farther, and that these reports did not occur until substantial H-reflex decrease had occurred (i.e., Fig. 3 ).
affect its efficacy in people with SCI. On the American Spinal Injury Association impairment scale (AIS), the disabilities of the present subjects were rated C or D. Although their success rate was not significantly different from that of normal subjects (Thompson et al., 2009) , it was lower; and the extent to which reflex conditioning is possible in people with more severe impairments is unclear. While future improvements in the conditioning protocol may increase success, the need for supraspinal input will remain. On the other hand, reflex conditioning may also prove useful for disorders in which the CST is not affected. For example, in rats in which peripheral nerve transection and reinnervation have produced disordered afferent connections, H-reflex upconditioning can help to restore more normal reflex function (Chen et al., 2010) .
Conclusions
In people with impaired locomotion due to chronic spinal cord injury, down-conditioning of the soleus H-reflex in the more impaired leg was associated with faster and more symmetrical locomotion. This improvement was apparent to the subjects in their daily lives. Similar improvement did not occur in subjects in whom the H-reflex did not decrease. Spinal reflex-conditioning protocols that target each individual's specific deficits might supplement conventional rehabilitation methods and increase functional recovery.
